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Abstract
We discuss possible sgoldstino interpretation of the observation,
reported by HyperCP collaboration, of three Σ+ → pµ+µ− decay
events with dimuon invariant mass 214.3 MeV within detector resolu-
tion. We find that this interpretation is consistent in models with (i)
parity conservation in sgoldstino interactions, (ii) pseudoscalar sgold-
stino P of mass 214 MeV and heavier scalar sgoldstino, and (iii) low
supersymmetry breaking scale,
√
F = 2.5-60 TeV. In these models,
sgoldstino can be observed in decays K+ → pi+pi0P , KL → pipiP and
KS → pipiP at the branching ratios of at least of order 10−12, 10−8 and
10−11, respectively. The model can be probed also at e+e− colliders in
the channels e+e− → γP and e+e− → e+e−P , where the cross section
is likely to be in the range 1 pb - 5 ab.
1 Introduction
Recently HyperCP collaboration has reported [1] the first evidence for the
decay Σ+ → pµ+µ− with branching ratio at the level of 10−7 − 10−8. The
central value of the measured branching ratio is larger than most Standard
Model (SM) estimates, although discrepancy with SM in the overall branch-
ing ratio may not be dramatic in view of large uncertainties in the hadronic
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matrix elements [2]. The most remarkable property of the HyperCP events
is that dimuon masses of all three of them are equal within the resolution
of the detector. This suggests [1] that the observed µ+µ− pairs are decay
products of a new neutral particle X born in the hyperon decay
Σ −→ p+X , X −→ µ+µ− , (1)
with branching ratio
Br(Σ→ pX(X → µ+µ−)) = [3.1+2.4−1.9(stat)± 1.5(syst)]× 10−8 , (2)
and mass of the intermediate neutral state X equal to
mX = 214.3± 0.5 MeV . (3)
As a phenomenologically viable explanation, supersymmetric models with
light sgoldstino and parity conservation [3] have been proposed [1, 4], the
state X being interpreted as spinless particle P (sgoldstino) — one of the
superpartners of goldstino.
This interpretation is further discussed in this paper. Our purpose is
to estimate the relevant range of model parameters and to discuss other
experiments sensitive to such models.
From HyperCP results we will estimate the strength of sgoldstino coupling
to muons, responsible for the sgoldstino decay X → µ+µ−, and sgoldstino
flavor violating coupling to d- and s-quarks, responsible for the hyperon
decay (1). In particular, we will find that the sgoldstino explanation of
HyperCP events implies the scale of supersymmetry breaking
√
F within
the range 2.5-60 TeV (depending on hierarchy between MSSM soft terms
Msoft and
√
F ). The estimate of the flavor violating coupling suggests that
sgoldstino would show up in kaon physics. The observed events cannot be
attributed to scalar sgoldstino, since in that case sgoldstino had to be already
detected in two-body kaon decays. It is the pseudoscalar sgoldstino P that
can play a role of X-particle.
Pseudoscalar sgoldstino P , responsible for the HyperCP events, can be
observed in the decays K+ → π+π0P , KL → ππP and KS → ππP at the
branching ratios of at least of order 10−12, 10−8 and 10−11, respectively. With
the inferred value of
√
F , the model can be probed also at e+e− colliders in
the channel e+e− → γP and e+e− → e+e−P , where the cross section is
estimated as 1 pb - 5 ab depending on hierarchy of MSSM soft terms and
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the value of
√
F . Finally, sgoldstino may be searched for via its resonant
production in e+e− collision at
√
s = 214.3 MeV.
The paper is organized as follows. In Sec.2 supersymmetric models with
light sgoldstino are briefly discussed and useful notations are introduced.
The range of parameters, relevant for the explanation of HyperCP events, is
estimated in Sec.3. In Sec.4 we study prospects of various experiments in
testing sgoldstino couplings. Sec.5 contains concluding remarks.
2 Models with light sgoldstino
Superpartners of goldstino — longitudinal component of gravitino — may be
fairly light. In a variety of models with low energy supersymmetry they are
lighter than a few GeV. Such pattern emerges in a number of non-minimal
supergravity models [5, 6] and also in gauge mediation models if supersymme-
try is broken via non-trivial superpotential (see, e.g., Ref. [7] and references
therein). Here we merely assume that sgoldstino masses are small, so that
Σ+-hyperon decay into proton and sgoldstino is kinematically allowed.
Sgoldstinos couple to MSSM fields in the same way as goldstino [8, 9],
with corresponding coupling constants being proportional to the ratios of
MSSM soft terms (squark and gaugino masses, trilinear coupling constants)
to the supersymmetry breaking parameter F (which is of the order of squared
scale of supersymmetry breaking in the underlying theory). Constraints on
sgoldstino couplings may be translated into the limits on
√
F . The most sen-
sitive probes of sgoldstinos are flavor violating processes [10], provided that
flavor is violated in squark and/or slepton sector. A sketch of the sgoldstino
interactions, experimental constraints on the models with light sgoldstino
and relevant references can be found in Refs. [10, 9].
A special class of supersymmetric extensions of the Standard Model in
which interactions of sgoldstinos with quarks and gluons conserve parity but
do not conserve quark flavor, has been considered in Ref. [3]. Parity con-
servation in sgoldstino interactions with quarks and gluons (as well as with
leptons and photons) may not be accidental. As an example, it is natu-
ral in theories with spontaneously broken left-right symmetry (see Ref. [3]
for details), which not only are aesthetically appealing but also provide a
solution [11] to the strong CP-problem.
It was found [3] that if the pseudoscalar sgoldstino P is light, mP <
(mK − 2mpi), and the scalar sgoldstino is heavier, mS > (mK − mpi), an
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interesting place for experimental searches is the poorly explored area of
three-body decays of kaons, K0S,L → π+π−P , K0S,L → π0π0P and K+ →
π+π0P , with P subsequently decaying into γγ, possibly e+e−, µ+µ−, or flying
away from the detector. Possible sgoldstino contribution to hyperon physics
has been considered in Ref. [12]. It was shown that searches for hyperon
decays into baryon and sgoldstino are very sensitive to sgoldstino couplings
in models with light pseudoscalar sgoldstino, mP < (mΣ−mp), heavy scalar
sgoldstino, mS > (mK − mpi), and parity conservation. In what follows we
will consider models with parity conservation in sgoldstino interactions, and
make a remark on the parity-violating models in an appropriate place.
We are interested in trilinear couplings between sgoldstino and SM fields,
which can be derived by making use of spurion technique (see e.g., Refs. [13,
9]). The coupling constants of sgoldstino to SU(3)c×SU(2)W×U(1)Y gauge
bosons are proportional to the ratio of gaugino soft mass terms to vacuum
expectation value of the auxiliary component F of the spurion superfield,
while the coupling constants of sgoldstino to SM fermions f are proportional
to the product of fermion mass mf and the ratio of trilinear soft term Af to
F . In particular, relevant for our study flavor-blind sgoldstino interactions
are determined by the following effective lagrangians [9]: for pseudoscalar
sgoldstino P
LPγγ = Mγγ
4
√
2F
PFµνFλρǫ
µνλρ , LP f¯f = −i
mfAf√
2F
P f¯γ5f , (4)
and for scalar sgoldstino S
LSγγ = − Mγγ
2
√
2F
SFµνF
µν , LSf¯f = −
mfAf√
2F
Sf¯f ,
where Mγγ = M1 cos
2 θW + M2 sin
2 θW with Mi being gaugino masses. It
is worth noting that in many models of supersymmetry breaking one has
Mγγ , Af ≪
√
F , while the opposite case, Mγγ , Af ∼
√
F , corresponds to
unitarity limit.
Of special interest here are also the couplings of sgoldstinos to d- and
s-quarks, which violate flavor. In models with parity conservation it is con-
venient to parameterize the corresponding interaction terms as [3]
LPds = −P · (h(D)12 · d¯ iγ5s+ h.c.) , (5)
LSds = −S · (h(D)12 · d¯s+ h.c.) , (6)
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where
h
(D)
12 =
1√
2
m˜
(LR)2
D,12
F
and m˜
(LR)2
D,ij , i, j = 1, 2, 3 are left-right soft terms in the matrix of squared
masses of squarks. These interaction terms are assumed to be responsible
for the hyperon decay (1).
3 Model parameters from HyperCP results
Couplings (5) and (6) give rise to the hyperon decays [12]
Σ+ → pP ,
and
Σ+ → pS ,
respectively, whose rates can be estimated by making use of the matrix ele-
ments
〈p|s¯γµγ5d|Σ+〉 = B · u¯pγµγ5uΣ ,
〈p|s¯γµd|Σ+〉 = A · u¯pγµuΣ ,
and neglecting the external momentum dependence of the form factors A
and B. The isospin symmetry implies that these constants are the same as
ones describing Σ− → ne−ν decay, hence [14],
A = 1 , B = 0.34 .
Then
〈p|s¯γ5d|Σ+〉 = −BmΣ +mp
ms
· u¯pγ5uΣ ,
〈p|s¯d|Σ+〉 = AmΣ −mp
ms
· u¯puΣ ,
where ms, mΣ and mp are masses of s-quark, Σ-hyperon and proton, respec-
tively. These amplitudes yield the hyperon decay rates [12]
ΓΣ+→pP =
|h(D)12 |2|B|2
8π
(mΣ +mp)
2
m2s
((
1− mp
mΣ
)2
− m
2
P
m2Σ
)
· qP , (7)
ΓΣ+→pS =
|h(D)12 |2|A|2
8π
(mΣ −mp)2
m2s
((
1 +
mp
mΣ
)2
− m
2
S
m2Σ
)
· qS , (8)
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where
qX =
1
2mΣ
√(
(mΣ +mX)
2 −m2p
) (
(mΣ −mX)2 −m2p
)
, X = S, P .
Let us turn to the results of HyperCP collaboration [1]. Considering the
central values of Eqs. (2), (3) as a reference point, one obtains from Eqs. (7),
(8)
|h(D)12 |Br1/2(P → µ+µ−) = 3.8 · 10−10 , (9)
|h(D)12 |Br1/2(S → µ+µ−) = 6.8 · 10−11 ,
for pseudoscalar and scalar sgoldstino, respectively. In models where scalar
sgoldstino S is light, the strongest limit on
|h(D)12 |2Br(S → µ+µ−) comes from searches for two-body charged kaon de-
cays1 with subsequent sgoldstino decay into µ+µ− (see Ref. [10] for details),
|h(D)12 |Br1/2(S → µ+µ−) < 6 · 10−12 . (10)
Thus, hyperon decay into proton and sgoldstino is highly suppressed in these
models, and the anomalous events observed in HyperCP experiment cannot
be attributed to light scalar sgoldstino. In models with light pseudoscalar
sgoldstino and parity violating sgoldstino-quark couplings the bound similar
to (10) applies to |h(D)12 |2Br(P → µ+µ−); this bound excludes sgoldstino
explanation of HyperCP result in those models. The remaining possibility,
which is the focus of this paper, is pseudoscalar sgoldstino and models with
parity conservation. Then, the strongest constraints [3] on h
(D)
12 come from
the study of K0 − K¯0 system and searches for K → ππP decays. The
corresponding limits on h
(D)
12 are well above the value (9), hence the HyperCP
events can indeed be explained by pseudoscalar sgoldstino.
HyperCP collaboration did not present any estimate of X-particle life-
time, τX, since the opening angles of dimuons are small and vertex resolution
along the beam axis is rather poor. Using reasonable estimates for the Hy-
perCP decay vertex resolution (about 2 meters, see Ref. [17]) and measured
γ-factors of the muons of anomalous events (about 270), one can place the
upper limit
τX . 2.5 · 10−11 s . (11)
1The bound (10) is independent of the phase of h
(D)
12 . Even stronger bound [15] is
obtained from the search for KL → piS(S → µ+µ−) decay [16]. The latter bound is valid,
however, for Re[h
(D)
12 ] ≃ |h(D)12 | only, and does not apply in the case of Re[h(D)12 ] = 0.
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We note in passing that the above considerations in this section apply to
any pseudoscalar and scalar particles with couplings (5) and (6).
For sgoldstino of mass (3), only decay channels into photons, e+e−, µ+µ−
and, possibly, gravitinos, contribute to the sgoldstino total width. Since
sgoldstino-fermion couplings (4) are proportional to the fermion masses, the
contribution of e+e− is negligible (we will comment on the possible opposite
case in Sec.4). The contribution of invisible mode (decay into gravitinos),
which is suppressed by m2P /M
2
soft (see e.g. Ref. [10] for details) is also negli-
gible. Thus, sgoldstino width ΓP is saturated by two contributions,
Γ(P → γγ) = m
3
PM
2
γγ
32πF 2
, Γ(P → µµ¯) = mPm
2
µA
2
µ
16πF 2
(
1− 4m
2
µ
m2P
)1/2
. (12)
At Mγγ ∼ Aµ the latter contribution is suppressed by an order of magnitude
mainly due to the phase space factor. Thus, without strong hierarchy be-
tween MSSM soft terms, sgoldstino of mass (3) decays predominantly into
two photons. Unfortunately, HyperCP had no γ-detector, that prevented the
cross check of the sgoldstino explanation of the anomalous events.2
What can be estimated from Eqs. (11) and (12) is the upper limit on the
scale of supersymmetry breaking
√
F . At Mγγ = Aµ = 100 GeV one has√
F ≃ 2.5 TeV, while in the the unitarity limit, Mγγ ∼ Aµ ∼
√
F , one finds√
F ≃ 60 TeV. Hence, sgoldstino explanation of HyperCP events definitely
implies low energy scale of supersymmetry breaking.
We note that Eqs. (12) also imply a lower bound on sgoldstino lifetime.
The shortest lifetime occurs in the unitarity limit Mγγ ∼
√
F and for
√
F
saturating the experimental bound
√
F ∼ 500 GeV. One has
τP & 1.7 · 10−15 s (13)
for MP = 214.3 MeV.
4 Possible experimental tests of sgoldstino ev-
idence
There are two independent direct tests of the sgoldstino explanation of Hy-
perCP results. One is related to sgoldstino flavor violating coupling and
2Note that coupling (5) yields effective sgoldstino-neutron-Λ interaction, but sgoldstino
with MP = 213.4 MeV is too heavy to be searched for in Λ-hyperon decay. On the other
hand, kinematically allowed is the decay Ω− → Ξ− + P .
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another one is related to sgoldstino flavor-blind couplings, whose strength
has been estimated in the previous section.
Sgoldstino-d-s coupling gives rise to rare three-body kaon decays into two
pions and sgoldstino, whose branching ratios can be estimated by making
use of amplitudes presented in Appendix A with h
(D)
12 given by Eq. (9). The
results for neutral kaons depend on the possible hierarchy between real and
imaginary parts of h
(D)
12 , which cannot be extracted from HyperCP data. One
obtains
Br(K+ → π+π0P (P → µ+µ−)) = 1.2 ·10−12 , any Re[h(D)12 ]/Im[h(D)12 ] . (14)
For Re[h
(D)
12 ] ≃ 0, decays of K0L are suppressed,
Br(K0L → π+π−P (P → µ+µ−)) ≃ 3.0 · 10−13 , Re[h(D)12 ] = 0 , (15)
while in the opposite case
Br(K0L → π+π−P (P → µ+µ−)) ≃ 2.4 · 10−9 , Re[h(D)12 ] ≃ |h(D)12 | , (16)
Br(K0L → π0π0P (P → µ+µ−)) ≃ 1.2 · 10−8 , Re[h(D)12 ] ≃ |h(D)12 | . (17)
On the other hand, decays of K0S are suppressed at Im[h
(D)
12 ] ≃ 0,
Br(K0S → π+π−P (P → µ+µ−)) ≃ 5.2 · 10−16 , Im[h(D)12 ] = 0 , (18)
while without this hierarchy one has
Br(K0S → π+π−P (P → µ+µ−)) ≃ 4.1 · 10−12 , Im[h(D)12 ] ≃ |h(D)12 | , (19)
Br(K0S → π0π0P (P → µ+µ−)) ≃ 2.1 · 10−11 , Im[h(D)12 ] ≃ |h(D)12 | . (20)
These results are obtained to the leading order in chiral perturbation theory.
One may expect that actual numbers may be 30% to 50% larger. Indeed,
experimental data on the process K+ → ππeν, which is quite similar to the
decays we consider, are noticeable larger than the leading order predictions
of chiral perturbation theory (see, e.g., Refs. [18, 19]).
For similar modes with sgoldstino decaying into photons one gets the same
numbers multiplied by Γ(P → γγ)/Γ(P → µ+µ−). Therefore, the branching
ratios of the decays K → ππP (P → γγ) may be substantially higher3. Note
3As an example, for Aµ ∼ α2Mγγ (which is still a fairly natural possibility), branching
ratios of K → pipiP (P → γγ) are larger than given in (14) – (20) by a factor of order 104.
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that decays into final state with neutral pions have significantly higher rates,
as compared to charged pions, because of larger phase space. Note also
that the above estimates for the branching ratios of the decays (14) – (20)
apply not only to sgoldstino, but to any pseudoscalar particle explaining the
HyperCP events.
Flavor-blind sgoldstino-photon and sgoldstino-muon couplings can be tes-
ted at e+e− colliders. Sgoldstino coupling constants to leptons are dimension-
less and proportional to lepton masses, hence the most promising processes
of sgoldstino production involve sgoldstino-photon coupling. Sgoldstino can
be searched for in e+e− → γP (fig. 1a) and e+e− → e+e−P (fig. 1b) with
e−
e+
γ
P
e−
e+
e−
e+
P
(a) (b)
Figure 1: Amplitudes contributing to sgoldstino production in e+e− col-
lisions; contributions to the same final states, associated with sgoldstino-
electron coupling, are suppressed.
sgoldstino subsequently decaying into a pair of photons or µ+µ−-pair.
The cross section of Pγ production is
σPγ =
α
12
M2γγ
F 2
(
1− m
2
P
s
)3
=
8απ
3
m−3P
(
1− m
2
P
s
)3
Γ(P → γγ) . (21)
The sgoldstino signals in different channels depend on the pattern of sgold-
stino branching ratios. If sgoldstino width is saturated by decay into photon
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pair, then, with account of (11) and (13), one finds from Eq. (21)
σe+e−→γP (P→γγ) =
σPγ
Γ(P → γγ)
1
τP
= 64 ab÷ 0.95 pb ,
σe+e−→γP (P→µ+µ−) =
σPγ
Γ(P → γγ)
1
τP
Γ(P → µ+µ−)
Γ(P → γγ) = (5.2 ab÷ 77 fb) ·
A2µ
M2γγ
,
where smaller and larger values refer to the lifetimes saturating (11) and
(13), respectively. These formulae are valid for Aµ/Mγγ < 3.5, when the
two-photon decay mode is indeed dominant.
In the opposite case, with dominant decay into µ+µ−, one obtains
σe+e−→γP (P→γγ) =
σPγ
Γ(P → µ+µ−)
1
τP
Γ(P → γγ)
Γ(P → µ+µ−) = (9.9 fb÷ 145 pb) ·
M4γγ
A4µ
,
σe+e−→γP (P→µ+µ−) =
σPγ
Γ(P → µ+µ−)
1
τP
= (0.8 fb÷ 12 pb) · M
2
γγ
A2µ
.
The latter formulae are relevant for Mγγ/Aµ < 0.28, otherwise the assump-
tion of dominant decay into µ+µ− would not be valid.
The cross section of e+e−P production, with the accuracy 1/ ln s
m2e
, is [14]
σe+e−P = 8α
2Γ(P → γγ)
m3P
·
(
f(m2P/s) · ln2
s
m2e
− 1
3
ln3
s
m2P
)
,
f(z) =
(
1 +
1
2
z
)2
ln
1
z
− 1
2
(1− z) (3 + z) . (22)
It grows with energy, becoming comparable with γP production at
√
s ≃
0.5 GeV and exceeding γP cross section by a factor of 16 at
√
s ≃ 10 GeV.
Another possibility of searching for light sgoldstino in e+e−-annihilation
is sgoldstino resonant production with the beams’ energy tuned to sgoldstino
mass. In this case the cross section of sgoldstino production exactly at the
resonance peak is
σe+e−→P =
2π2
m2P
· Br(P → e+e−) =
= 167 mb · Br(P → e+e−) . (23)
If sgoldstino width is saturated by the decay into µ+µ−, then at the peak
σe+e−→P = 24 µb · A
2
e
A2µ
.
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If the γγ mode dominates over µ+µ−, then
σe+e−→P = 1.9 µb · A
2
e
M2γγ
.
To estimate the number of events in realistic case one multiplies the above
values by the product of collider luminosity and the ratio of the sgoldstino
width to the beam energy spread. The latter is typically of order
∆p
p
≡ η · 10−3 ,
with η ∼ 1. Thus, the suppression factor is η · (1.2 · 10−10 − 1.8 · 10−6) for
sgoldstino lifetimes saturating the bounds (11) and (13), respectively. Hence,
in the case Ae = Aµ, meaningful search for resonant production of sgoldstino
starts at integrated luminosity of 100 nb−1, while integrated luminosity of
up to 100 fb−1 is required to fully explore the parameter space.
Sgoldstino with energy EP in laboratory frame flies, before its decay, a
distance of about
lP =
EP
mP
· (0.5 µm− 0.74 cm) .
Thus, there is an opportunity to resolve sgoldstino vertices.
Let us now discuss briefly exotic models with hierarchy Ae ≫ Aµ,Mγγ ,
where sgoldstino-electron coupling gets enhanced as compared to models with
the case Ae ∼ Aµ ∼ Mγγ . First, e+e− decay mode of sgoldstino never
becomes dominant: for sgoldstino with mass mP = 214.3 MeV the bound
(11) on its lifetime gives unacceptably low scales of supersymmetry breaking,√
F . 200 GeV even in unitarity limit Ae ≃
√
F . Second, upper limit on
Br(P → e+e−) is achieved for Ae approaching unitarity limit Ae ≃
√
F .
Then, in models where sgoldstino decays dominantly into photon pairs, the
upper bounds on Br(P → e+e−) are within 7 · 10−3 − 1 · 10−6 for √F =
2.5 − 60 TeV. In models with sgoldstino decaying mostly into µ+µ−-pair,
the upper bounds on Br(P → e+e−) are between 0.7% and 1.4 · 10−4 for√
F = 2.5− 60 TeV.
Thus, search for sgoldstino in the decay channel P → e+e− is not promis-
ing even for Ae ≫ Aµ,Mγγ. However, the cross section of the resonance
production (23) is considerably enhanced for Ae ≫ Aµ,Mγγ as compared to
the conservative case Ae ∼ Aµ ∼Mγγ , so in this case sgoldstino would show
up at relatively low integrated luminosity (of order 1 nb−1).
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5 Conclusions
To conclude, we have identified the relevant region of parameter space of
models with light sgoldstino, which can be responsible for anomalous events
reported by HyperCP collaboration. We have estimated sgoldstino couplings
and have predicted rates of rare three-body kaon decays and sgoldstino pro-
duction in e+e− collisions. Sgoldstino may be searched for in µ+µ− and γγ
decay channels, while e+e− channel never dominates. Experimental tests of
our predictions will confirm or rule out sgoldstino explanation of HyperCP
results.
The special features of the supersymmetric models, capable of explaining
HyperCP results as evidence for sgoldstino, are: (i) low energy scale of super-
symmetry breaking in the underlying theory (
√
F ∼ 2.5−60 TeV), (ii) parity
conservation (left-right entries in squark squared mass matrices make a her-
mitian matrix,
(
m˜(LR)2
)†
= m˜(LR)2), (iii) tiny flavor violation associated with
m˜
(LR)2
D,12 entry of squark squared mass matrix (m˜
(LR)
D,12 . 12 MeV−1.4 GeV for√
F = 0.5−60 TeV and sgoldstino decaying mostly into µ+µ−; these bounds
scale as Br−1/4(P → µ+µ−) and become larger by an order of magnitude
with smaller but still natural Aµ ≃ α2 ·Mγγ ). The latter feature implies
either fine-tuning, or special flavor structure of MSSM soft terms preventing
strong flavor violation.
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Note added. After the first version of this paper, Refs. [20, 21] were
posted in arXives. We agree with Refs. [20, 21] (as well as with Ref. [15])
that scalar X ≡ S in (1) is inconsistent with other data, while pseudoscalar
X ≡ P is viable (it is pointed out in Ref. [20] that axial-vector X ≡ A
is another consistent possibility). The estimates given in Ref. [20], their
Eq. (23), and in Ref. [21], Eq. (8), are also (almost) in agreement with our
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Eq. (9). Another overlap with Ref. [20, 21] is the possibility to search for
P in the decay K0L → ππP (P → µ+µ−) and their results in the case of
real sgoldstino-quarks coupling constant are in numerical agreement with
our estimates (16),(17).
6 Appendix A
The part of chiral lagrangian relevant for KL,S → ππP decays occurring due
to coupling (5), reads
L = f
2
8
Tr
[
∂µU
†∂µU
]
+
1
4
B0f
2Tr
[
χU † + χ†U
]
with f = 130 MeV, B0 = m
2
K
/(ms +md) and
U = ei
2
f
Φ , Φ =


1√
2
π0 π+ 0
π− − 1√
2
π0 K0
0 K¯0 0

 ,
χ = Mˆ + iHˆ · P ,
2B0Mˆ = diag(m
2
pi, m
2
pi, 2m
2
K
−m2pi) ,
Hˆ =

0 0 00 0 h(D)12
0 h
(D)∗
12 0

 ,
where isospin symmetry violation due to different masses of up- and down-
quark is neglected.
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To the leading order in momenta one has the following interaction terms
L = Lkin4 + Lpot4 + L2P + L4P ,
Lkin4 =
1
3f 2
(
K¯0∂µK
0 −K0∂µK¯0
) (
π+∂µπ
− − π−∂µπ+
)
− 1
3f 2
(
K¯0∂µπ
− − π−∂µK¯0
) (
K0∂µπ
+ − π+∂µK0
)
− 1
6f 2
(
K¯0∂µπ
0 − π0∂µK¯0
) (
K0∂µπ
0 − π0∂µK0
)
,
Lpot4 =
m2
K
+m2pi
3f 2
K0K¯0
(
π+π− +
1
2
π0π0
)
,
L2P = B0f
(
K0h
(D)∗
12 + K¯
0h
(D)
12
)
· P ,
L4P = −2B0
3f
(
K¯0h
(D)
12 +K
0h
(D)∗
12
)(
π+π− +
1
2
π0π0
)
· P .
One can rewrite the lagrangian in terms of mass eigenvalues of the neutral
kaon system,
K0L ≡
1√
2
(
K¯0 +K0
)
, K0S ≡
i√
2
(
K¯0 −K0
)
.
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K0L K
0
L K
0
LP P PK
0
L K
0
L,S
π+ π+ π+
π− π− π−
L4P Lpot4 Lkin4L2P L2P
Figure 2: Diagrams contributing to K0L → π+π−P decay.
Then
L2P =
√
2B0f
(
K0LReh
(D)
12 +K
0
SImh
(D)
12
)
· P ,
L4P = −2
√
2B0
3f
(
K0LReh
(D)
12 +K
0
SImh
(D)
12
)(
π+π− +
1
2
π0π0
)
· P ,
Lpot4 =
m2
K
+m2pi
6f 2
(
K02L +K
02
S
)(
π+π− +
1
2
π0π0
)
,
Lkin4 = −
1
6f 2
(
K0L∂µπ
− − π−∂µK0L
) (
K0L∂µπ
+ − π+∂µK0L
)
− 1
6f 2
(
K0S∂µπ
− − π−∂µK0S
) (
K0S∂µπ
+ − π+∂µK0S
)
− 1
12f 2
(
K0L∂µπ
0 − π0∂µK0L
) (
K0L∂µπ
0 − π0∂µK0L
)
− 1
12f 2
(
K0S∂µπ
0 − π0∂µK0S
) (
K0S∂µπ
0 − π0∂µK0S
)
+
i
2f 2
(
K0L∂µK
0
S −K0S∂µK0L
) (
π+∂µπ
− − π−∂µπ+
)
.
Hence, there are three contributions to the amplitude of K0L → π+π−P decay
(see Fig. 2),
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L4P : − i2
√
2B0
3f
Reh
(D)
12
Lpot4 + L2P : − i
2
√
2B0
3f
Reh
(D)
12 ·
m2
K
+m2pi
2 (m2P −m2K)
Lkin4 + L2P : i
2
√
2B0
3f
Reh
(D)
12 ·
m2P +m
2
K
+ 2m2pi − 3m2pi+pi−
4 (m2P −m2K)
− 2
√
2B0
f
Imh
(D)
12
m2Ppi− −m2Ppi+
4 (m2P −m2K)
,
where m2ij ≡ (pi+pj)2. The total amplitude to the leading order in momenta
equals
M (K0L → π+π−P ) = −i2
√
2B0
f
Reh
(D)
12 ·
m2P −m2K +m2pi+pi−
4 (m2P −m2K)
− 2
√
2B0
f
Imh
(D)
12
m2Ppi− −m2Ppi+
4 (m2P −m2K)
.
The last term is the analogue of the exchange interaction.
One has similar expressions for K0L → π0π0P decay,
L4P : − i2
√
2B0
3f
Reh
(D)
12
Lpot4 + L2P : − i
2
√
2B0
3f
Reh
(D)
12 ·
m2
K
+m2pi
2 (m2P −m2K)
Lkin4 + L2P : i
2
√
2B0
3f
Reh
(D)
12 ·
m2P +m
2
K
+ 2m2pi − 3m2pi0pi0
4 (m2P −m2K)
Note that the identity of final neutral pions implies the absence of the term
proportional to the imaginary part of h
(D)
12 , unlike the case of K
0
L → π+π−P
decay. The total amplitude to the leading order in momenta equals
M (K0L → π0π0P ) = −i2
√
2B0
f
Reh
(D)
12 ·
m2P −m2K +m2pi0pi0
4 (m2P −m2K)
.
The same expressions are valid for K0S with the only replacement Re ↔
Im.
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